Empirical evidence from several animal groups suggests that sex chromosomes may 11 disproportionately contribute to reproductive isolation. This occurs particularly when sex 12 chromosomes are associated with turnover of sex determination systems resulting from 13 structural rearrangements to the sex chromosomes. We investigated these predictions in the 14 dioecious plant Rumex hastatulus, which is comprised of populations of two sex chromosome 15 cytotypes. Using population genomic analyses, we investigated the demographic history of R. 16 hastatulus and explored the contributions of ancestral and neo-sex chromosomes to 17 population genetic divergence. Our study revealed that the cytotypes represented genetically 18 divergent populations with evidence for historical but not contemporary gene flow between 19 them. In agreement with classical predictions, we found that the ancestral X chromosome was 20 disproportionately divergent compared with the rest of the genome. Excess differentiation 21 was also observed on the Y chromosome, even when using measures of differentiation that 22 control for differences in effective population size. Our estimates of the timing of the origin 23 of the neo-sex chromosomes in R. hastatulus are coincident with cessation of gene flow, 24 2 suggesting that the chromosomal fusion event that gave rise to the origin of the XYY 25 cytotype may have also been a key driver of reproductive isolation. 26 27 KEY WORDS: demographic history, gene flow, plant sex chromosomes, population 28 divergence, reproductive isolation, Rumex 29 30 31 Sex chromosomes have long been thought to be associated with speciation (Coyne and Orr 32 2004). JBS Haldane noticed that when hybrids of one sex were sterile or inviable, it was more 33 often the sex with heteromorphic sex chromosomes ("Haldane's Rule"; Haldane 1922). A 34 similar, but distinct, observation was later made for X chromosomes. These were found to 35 disproportionately contribute towards hybrid sterility and inviability (the "Large-X" Effect; 36 Dobzhansky 1936; Orr 1989; Coyne 1989) due to a higher density of genes on the X in which 37 introgression had negative fitness effects (Masly and Presgraves 2007). Despite these results, 38 the broad generality of these patterns remains uncertain (Presgraves 2018; Coyne 2018), 39 especially in plants, where dioecy and sex chromosomes have both evolved relatively 40 recently from hermaphroditic ancestors. 41 Chromosomal rearrangements involving sex chromosomes, including fusions, fissions 42 and translocations, cause evolutionary turnover in sex chromosomes between populations. 43 The newly formed sex chromosomes that arise by this process are referred to as neo-sex 44 chromosomes (White 1940). Fusions and translocations involving sex chromosomes may 45 increase the influence of sex chromosomes on the divergence process (Connallon et al. 2018), 46 and rearrangements have been implicated in driving divergence between populations (White 47 1978; Rieseberg 2001; Guerrero and Kirkpatrick 2014; Ortiz-Barrientos et al. 2016). 48 Furthermore, sex chromosome turnover can cause imbalance in the sex determination of 49 hybrids resulting in hybrid infertility and divergence between populations with different sex 50 chromosome systems (Graves 2016). For these reasons, sex chromosome turnover is thought 51 to be a particularly important driver of population divergence and speciation. 52 Speciation has often been investigated through crosses between divergent populations 53 and assessment of their interfertility; however, recent advances in sequencing technology 54 offer population genomic approaches as a complementary, albeit indirect, avenue for 55 4 exploring patterns of genetic divergence. Genome-wide differences in allele frequencies and 56 the fixation of alternate alleles between populations can provide insights on the extent of 57 divergence and gene flow (Wang et al. 1997). By comparing genetic diversity and divergence 58 on X chromosomes, Y chromosomes, neo-sex chromosomes and autosomes, it is possible to 59 infer whether sex chromosomes have played a disproportionate role in the evolution of 60 reproductive isolation. Using such approaches, sex chromosome turnover has been implicated 61 in population divergence and speciation using genomic data from stickleback (Kitano et al. 62 2009), swordtail (Franchini et al. 2018), pine-beetle (Bracewell et al. 2017), and butterfly 63 (Smith et al. 2016). However, the role of sex chromosome turnover in the genetic divergence 64 of populations and incipient speciation processes has not been investigated in plants. 65 To investigate the patterns of divergence on plant sex chromosomes, we measured 66 population-wide genetic variation in the dioecious, wind-pollinated, annual flowering plant 67 Rumex hastatulus. This species is polymorphic for sex chromosome karyotype: individuals in 68 populations that are distributed west of the Mississippi river, USA have four sets of 69 autosomes, males with X and Y chromosomes and females with a pair of relatively small X 70 chromosomes. In contrast, individuals in populations to the east of the Mississippi have three 71 autosomes, males with an X and two Y chromosomes and females with a pair of large X 72 chromosomes (Smith 1964). Cytological evidence suggests that these karyotypic differences 73 can be explained by a reciprocal translocation between an autosome and the X chromosome 74 in an ancestor with the XY karyotype resulting in a cytologically larger X and an extra Y 75 chromosome in descendants (Smith 1964). A recent cytological study using florescent probes 76 on hybrid cytotypes has provided evidence consistent with this scenario (Kasjaniuk et al.
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We also used genotype calls to create neighbour-joining trees with ape (Paradis 2011) in R 156 and used splitstree (Huson 1998) to visualize recombination events between populations. To 157 further test for genetic structure, we employed Principal Component Analysis (PCA) with 158 FactoMineR (Husson et al. 2010 ) in R. 159 Clustering of populations in such analyses as those performed above can be caused by 160 geographic discontinuity in sampling (Balkenhol et al. 2015; Bradburd et al. 2016; Perez et 161 al. 2018) . In such cases, clustering may be a product of the interaction between incomplete 162 sampling and isolation-by-distance rather than discrete barriers to gene flow. As our sampling 163 did not include the purported cytotype contact zone (Smith 1964) , and thus creates a 164 discontinuity in sampling, our results may be influenced by sampling design. This is of 165 particular concern here as our PCA suggested isolation-by-distance played a significant role 166 in structuring genetic variation within each R. hastatulus cytotype. To evaluate this 167 possibility, we examined the Estimated Effective Migration Surface (EEMS) (Petkova et al. 168 2016), which is a Bayesian estimate of effective migration rates based on SNP frequencies 169 and a prior hypothesis of isolation-by-distance. Effective migration here refers to how often 170 alleles successfully spread and not to potential rates of dispersal. To use EEMS, we converted 171 the .vcf of filtered SNPs to .plink using vcftools, and, as we did not impute data, we used 172 bed2diff_v1 (in the EEMS package) to convert .bed files from plink to the EEMS format. We 173 ran six MCMC chains through the EEMS pipeline, before exporting into EEMS package in R 174 for synthesis of MCMC results and subsequently for visualization. Observed and fitted 175 dissimilarities revealed no outliers (Fig. S1 ). 176 To further assess signals of gene flow, we used the joint allele frequency spectrum to 177 test various demographic models with the software δaδi (Gutenkunst et al. 2009 ). We used 178 the gene annotation from fgenesh as assessed in Crowson et al. (2017) to find synonymous 179 SNPs in our RNA dataset. We extracted synonymous SNPs from the annotated VCF using SNPeff (Cingolani et al. 2012 ) and these were filtered for a quality score higher than 50, and 181 a coverage depth higher than 5 for every individual. We converted the synonymous SNP 182 VCF to δaδi input using vcf2dadi.pl 183 (https://github.com/owensgl/reformat/blob/master/vcf2dadi.pl; last access April 5 2018). In 184 δaδi, we subsampled individuals of the XY and XYY cytotypes to a projection of 38 and 48 185 alleles, respectively. The partial differential equation approximating the frequency spectrum 186 was solved at phi-array = [60, 70, 80] , before extrapolation to an infinitely fine grid. We tested 187 21 models from dportik (https://github.com/dportik/dadi_pipeline; last access: As hemizygous genes may have significantly different dynamics from X loci that still retain 229 their Y homologs (Charlesworth et al. 1987) , and also represent a very small subset of X- 
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For the neo-sex chromosomes, there were too few fixed differences to reliably phase 233 our data between X and Y haplotypes in males. We therefore estimated between-population 234 divergence using only female individuals, as these data will include only neo-X data and 235 therefore avoid the need for phasing. To ensure that this smaller dataset did not influence 236 values of divergence, we compared male and female divergence at other loci and found that 237 there was no significant difference between males and females in divergence for any gene set 238 ( Fig. S2 ). We processed .fasta files using polymorphurama_interpop.pl, edited from 239 Polymorphurama (Bachtrog and Andolfatto 2006).
240
If sex chromosomes disproportionately contribute to divergence, we expect to see To investigate the possibility of Y introgression, we concatenated X and Y phased haplotypes 256 separately, only using loci where coverage was present in all individuals. We constructed 257 Maximum Likelihood trees in RaxML v8.2.10 (Stamatakis 2014), using a GTR-GAMMA 258 model. The best tree was chosen from 20 trees and bootstrapped 100 times. To assess the 259 likely timing of divergence between the Y haplotype clusters, we approximated neutral 260 divergence by subtracting mean π syn for each Y haplotype cluster from the K S value between 261 each Y haplotype cluster and divided by 2µ. Both values of K S and of π syn were estimated 262 using Polymorphurama.
263
To test for genome-wide introgression, we performed an ABBA-BABA test (Green et 
Results
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Genetic differentiation of the cytotypes 273 After filtering for coverage, quality and missing data, the GBS set has 5,970 SNPs and the 274 RNAseq set 916,255 SNPs. We found there were no sites with fixed differences between 275 cytotypes in the GBS dataset and only 136 in the RNAseq dataset (Table 1 ). The majority of 276 SNPs were uniquely segregating within one or the other cytotype, although 14% of GBS 277 SNPs and 21% of RNAseq SNPs were shared between the two groups.
278
Using STRUCTURE, we identified K=2 as the most likely number of population 279 clusters in our GBS dataset ( Fig. S3A ). As expected, individuals clustered according to 280 13 cytotype ( Fig. 1A, B ). Visualization at other values of K did not reveal further structure 281 between the cytotypes (Fig. S3D) , and there was no clear evidence for recent introgression 282 between the groups. Splitstree also clustered populations by cytotype ( Fig. S4 ), and the same 283 pattern of grouping held using the RNAseq data ( Fig. S5 ). Within each of the XY and the 284 XYY cytotypes, we found K=3 and K=2, respectively, as the most likely number of clusters 285 using STRUCTURE. However, visualization suggested that these clusters do not represent 286 within-cytotype substructure (Fig. 1C, D) .
287
To further investigate population structure of R. hastatulus, we perform Principal South axis; linear model, R 2 = 0.11, P = 0.069; Fig. 1F ). In the XYY cytotype, PC2 correlates 296 with longitude (East-West axis; linear model, R 2 = 0.24, P = 8.63e-05; Fig. 1G ), but the 297 relation between PC1 and latitude is not significant. Both PC1 and PC2 suggest Alabama 298 populations are somewhat distinct from other XYY populations (gray line in Fig. 1G ), so the 299 relation between PC1 and latitude in XYY populations may be complicated by the effect of 300 additional divergence in populations from Alabama (AL). Once populations from Alabama 301 were removed, PC1 showed a nonsignificant trend towards a correlation with latitude (linear 302 model, R 2 = 0.0731, P = 0.06). To evaluate the possibility that clustering is due to geographic 303 discontinuity in sampling, we considered the Estimated Effective Migration Surface (EEMS).
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As predicted, effective migration rates were estimated to be low across the contact zone 305 (warm colors in Fig. 2 ).
306
Given these patterns, we sought to distinguish whether reproductive isolation has 307 evolved in strict allopatry, or whether there has been a history of ongoing gene flow 308 concurrent with genetic divergence. To investigate this, we created and fit models of 309 demographic history to autosomal synonymous SNP frequencies from our RNAseq dataset 310 using δaδi. Out of 21 models, our most likely model was one of divergence across two stages: 311 the first and oldest stage showed lowered and asymmetric gene flow, while the second 312 showed no gene flow, and each stage was characterized by different population sizes (lnL = -313 12668.91, AIC = 25353.82; results summarized in Table S2 ). This model was significantly 314 more likely than a model of divergence without gene flow (LRT, d.f. = 5, P << 0.001). Given 315 that our previous analyses suggested a unique pattern of divergence in Alabama populations, 316 we reran the model fitting without individuals from Alabama. We found that a model of 317 divergence with ancient asymmetrical migration and size change was again the most likely 318 model, with a better fit to the data than the model including Alabama populations (lnL = -319 12013.95, AIC = 24043.9; Fig. 3, Fig. S6 , results summarized in Table S2 ). Both models are 320 detailed in the supplementary materials, but for subsequent analyses we only consider the Estimates of divergence on the sex chromosomes 346 We next sought to further explore whether the sex chromosomes or neo-sex chromosomes 347 disproportionately contribute to divergence in R. hastatulus. We first investigated whether 348 there were differences between the X, Y, and neo-sex chromosomes compared to autosomal 349 loci in the variance in allele frequencies between populations, as measured by Wright's F ST at 350 synonymous sites. Consistent with this hypothesis, we found significantly higher F ST values 351 at X (Welch Two Sample t-test, P < 2.15e-05), neo-X (P < 0.013) and Y loci (P < 7.52e-24) 352 than at autosomal loci (Fig. 4A) .
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To test whether high F ST values were caused by low levels of within-population 354 polymorphism, we used Nei's d XY . Consistent with the prediction of excess divergence at sex 355 chromosomes, we found significantly lower d XY values at autosomes than at the X (P < 356 3.77e-10) or Y (P < 5.97e-15) chromosomes (Fig. 4B) . In contrast, neo-X genes showed 357 significantly lower d XY than any other category (P < 1.25e-11 compared to autosomal genes).
358
As d XY is affected by ancestral polymorphism, we estimated absolute values of divergence, 359 d A . Using d A , we found no significant difference between autosomal loci and neo-sex-linked 360 loci (P = 0.94), whereas d A for the old X and Y chromosomes remained high (Fig. 4C) . The found a surprising result in the XYY cytotype; π syn at Y loci within the XYY cytotype is 368 similar to π syn at X loci (Fig. S7 ).
369
To evaluate whether we can explain this finding by cryptic population structure for Y 370 haplotypes in the XYY cytotype, we constructed a Maximum Likelihood tree of phased X 371 and Y haplotypes from both cytotypes (Fig. S8 ). X haplotypes were distributed among three 372 clades: 1) X haplotypes from the XY cytotype, 2) most X haplotypes from the XYY cytotype, 373 and 3) a clade sister to XYY-X haplotypes which consists of X haplotypes from Alabama 374 ( Figure S8A ). In contrast, Y haplotypes were distributed among four clades. Contrary to 375 expectation, haplotypes from the western range of the XYY-populations clustered with Y 376 haplotypes from XY-populations, to the exclusion of Y haplotypes from the Northern range 377 of the XYY cytotype (Fig. 5) . Again, Alabama haplotypes formed their own clade, but this 378 subclade fell squarely within the Northern-XYY Y haplotype clade (Fig. S8B ). When we 379 estimated genetic diversity in Y haplotypes partitioned by their subclades, we observed the 380 expected reduction in π syn at phased Y loci (Fig. S7A) . Nonetheless, values of F ST and d A 381 between the subclades, which are affected by π syn , were significantly higher on the X and Y 382 as compared to autosomal and neo-sex-linked loci (Fig. S7B) .
383
To investigate whether the pattern of Y haplotype clustering could be explained by 384 gene flow, we tested for a more general pattern of disproportionate gene flow between the 385 XY cytotype and the Southern XYY clade. We ran an ABBA-BABA test on the set of 386 autosomal loci. We found significant evidence for gene flow between these two population The large X-effect 429 Despite being at an early stage of divergence, our analyses suggest that the X chromosome 430 contributes disproportionately to patterns of differentiation. Because we did not find 431 comparable excess divergence on the neo-sex chromosomes or on the autosomes, the greater 432 differentiation we observed on the ancestral sex chromosomes is likely due to divergence 433 between cytotypes prior to the complete loss of gene flow at the second stage. Furthermore, 434 we observed elevated differentiation even when using absolute measures of divergence, 435 therefore differences in effective population size between the chromosomes alone are 436 unlikely to explain our results. However, it is important to note that population genomic The large Y-effect 470 We also found a disproportionate signal of population divergence on the Y chromosome of R. 
